and droplet transmission (the latter occurs over short distances by direct transfer between occupants of relatively large respiratory droplets). Owing to various influential factors, including particularly the air humidity, 35 different cut-off sizes were suggested in different contexts. 3, 36, 37 Lindsley et al 38 measured influenza virus in droplet nuclei generated by a coughing patient and reported that 42% of detected viruses were found in droplet nuclei <1 μm, 23% in droplet nuclei of 1-4 μm and 35% in droplet nuclei >4 μm. Airborne droplet nuclei could remain suspended in air for a prolonged period and be transported over an extended distance by indoor airflows. 9, 23, [39] [40] [41] [42] Considering also the long survival time of many pathogens in aerosols 6, 43, 44 and the increased ability of small particles to penetrate into the lower respiratory tract, 6, 36, 45, 46 airborne transmission via virusladen droplet nuclei may constitute a high risk of cross-infection.
The spread of droplet nuclei between occupants of the same indoor space is strongly influenced by the complex interaction 47, 48 of ventilation flow, human body boundary layer flow, 47 and respiratory flow (see Figure 1 ). Ventilation is widely recognized as the most influential engineering method for controlling airborne transmission indoors. 41, [49] [50] [51] [52] [53] [54] [55] Room air pattern and ventilation airflow rate are 2 key factors shaping indoor air distribution. Compared to the total volume air distribution, advanced air distribution methods, such as personalized ventilation (PV) 56 and personalized exhaust (PE), 57 have
shown a better performance in reducing the risk of cross-infection by airborne transmission. 58 Recent studies 47, 59, 60 of the human micro-environment reveal that the rising plume around a human body could, on the one hand, entrain pollutants in the vicinity and elevate the exposure concentration, 61, 62 and on the other hand, function as an air curtain that protects the occupant from the incursion of expiratory flows from others. 47 The characteristics of breathing flows depend strongly on breathing activities 63, 64 and breathing modes. 47, 65, 66 Obviously, coughing and sneezing generate a higher expiratory speed and droplet concentration but a lower event duration and frequency when compared to breathing and talking. While inhalation from both mouth and nose is aerodynamically the same, 66 exhalation from mouth and nose produce very different expiratory flow patterns. 48, 63, 64, 67 In addition, some important parameters, such as the relative distance between the infected and exposed occupants, their posture and relative orientation, and occupant movements in the vicinity, all further complicate the interaction of airflows and thus increase the uncertainty of airborne transmission.
Although many consistent findings regarding these parameters have been obtained from past studies, some inconsistent aspects and even unexplored areas still await investigation.
In engineering field, airborne transmission between occupants indoors is usually investigated using both experimental and computational fluid dynamics (CFD) methods. Experimental methods include physical measurement of the concentration field in breathing zones and imaging visualization of expiratory flows. [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] Chamber experiments using breathing thermal manikins 65, 66 have been the primary method of investigating airborne transmission between occupants and to quantify the risk of cross-infection. 66 Breathing, coughing, and sneezing can be simulated using ancillary machines, 77, 78 while droplet nuclei formed by the human respiratory processes are usually simulated using a tracer gas and particles. In general, chamber experiments can provide reliable results as they take full account of the indoor aerodynamics of real ventilation flows and tracer gas/particles. However, they are low-resolution in both space and time. As an alternative, CFD methods 79 employing computational thermal manikins and wellestablished mathematical models for the transport of tracer gas/ particles can provide a high-resolution whole-field flow and concentration data. 48, [80] [81] [82] [83] However, CFD simulations must be experi- 
| CURRENT UNDER S TAND ING OF AIRBORNE TR ANS MISS ION INDOOR S

| The importance of air distribution
Commonly used total volume air distribution methods include mixing ventilation (MV), displacement ventilation (DV), under floor air distribution (UFAD), and downward ventilation (DnV). 87, 88 In addition, more and more studies show the benefits of combining these basic air distribution methods with advanced ventilation technologies, such as PV and PE.
| Total volume air distribution
Past studies that have evaluated the influence of MV, DV, and UFAD on airborne transmission reported some inconsistent findings. Some studies 58, 81, 89, 90 suggested that DV and UFAD are better at reducing the risk of cross-infection than MV, whereas other studies [90] [91] [92] [93] show that MV performs better than DV and UFAD.
Studies finding that DV and UFAD perform better than MV demonstrated that the vertical diluting function of DV and UFAD can reduce the horizontal dispersion of exhaled flows and can thus reduce the risk of cross-infection. This finding was found to be valid not only for tracer gas 81, 89, 90 but also for small particles <5 μm in diameter. 81, 90 The studies reporting that MV performs better than DV and UFAD were usually based on 2 findings. First, that droplet nuclei could travel a longer distance indoors with DV than with MV. 90, [92] [93] [94] Second, that expiratory droplet nuclei could be more easily trapped in the breathing zone by the thermal stratification created by DV and UFAD. 91, 92, 95 Both findings imply that a lower exposure risk for co-occupants can be achieved with MV. The different findings may be attributed to the different airflow interactions in the 2 types of air distribution and to the boundary conditions used in the different studies. It should be highlighted that the influence of boundary conditions could be comparable to that of the air distribution methods. In addition, the relative importance of the 2 functions of DV, namely diluting pollutants vertically and increasing pollutants dispersion horizontally, may change with distance 81, 90 and vertical location of the exhaust opening. 96 It is therefore important to clarify the exact boundary conditions when interpreting a specific finding.
Downward ventilation is recommended for hospital environments. [97] [98] [99] However, the downward flow often cannot penetrate the microenvironment around supine patients, leading to a high risk of cross-infection. 100 The underperformance of DnV is basically due to the counteraction of the buoyancy-driven thermal plumes generated from occupant(s) and heat sources against the momentum-driven downward flows from supply diffuser(s). 101, 102 The interaction between the upward and downward flows is governed by the dimensions of ceiling diffuser(s), the location of occupant(s) and other heat sources, the momentum of the supply flows, and the intensity of the buoyancy generated from occupant(s) and other heat sources. In addition, it was reported that the location of the return openings can be optimized to better distribute the infectious expiratory flows. that, compared to MV, desk-based PV could reduce the intake of cough-released droplets by 41%-99%. This efficiency is higher when the distance between the exposed individual and the cough generator is small. 68 However, their studies were limited to situations in which the PV is used only by the exposed individual, not the infected source.
Obviously, the use of PV by the infected individual would increase the dispersion of exhaled pollutants, and the resultant risk of cross-infection would then depend on the direction of supplied PV airflow, the background air distribution pattern, and the orientation of the infected and exposed individuals. Li et al 81 investigated the risk of cross-infection between 2 face-to-face individuals with a separation distance of 2 m, where the PV supplied airflow upwards. They found that when only the infected individual uses PV, the risk of cross-infection is lower than that when DV is used alone but is slightly higher than when MV is used alone. Cermak et al 58, 104 examined a face-to-back arrangement with the infected individual in front, where the PV supplied airflow horizontally toward the person.
It was reported that the use of PV by the infected individual could result in a significant increase in the risk of cross-infection with DV, even when the exposed individual also uses PV (see Figure 2A ). In general, these findings imply that the use of PV by an infected individual should be avoided. occupants, is necessary to improve their performance in controlling airborne transmission. Further studies are still required to clarify this counteracting effect under both steady-state and transient conditions. Despite the fact that the risk of cross-infection could increase with the increase of ACH under some arrangements, it must be borne in mind that the design practices normally assume the complete-mixing conditions.
| The importance of supply flow rate
| The importance of relative distance
A qualitative relationship between the risk of cross-infection and relative distance from infected occupant is shown in Figure 4 . In general, the risk of cross-infection will be high when the infected and the exposed individuals are positioned so closely that breathing flows can approach each other's faces. 
| The importance of posture and relative orientation
Owing to the directionality of expiratory flows, posture and relative orientation of infected and exposed individuals are important factors in determining the cross-infection risk, especially over short distances. This is summarized in Figure 5 . Using MV, face-to-face orientation causes the highest risk of cross-infection and face-to-back the lowest risk. 69 Using DV, one sitting and one standing occupant causes the highest risk, 111 as the upward flow generated by DV increases the transmission of expiratory flows from a sitting individual to a standing individual. 116 For hospital wards, the maximum exposure of a standing doctor and a second patient is found when the patient is lying sideways and facing them, and the minimum exposure is observed when the 54 , see Figure 3 Major layout 48, 100, 116, 119 F I G U R E 5 Influence of relative orientation and posture on cross-infection risk, where the cross-infection risk decreases from (A) to (E) when using mixing ventilation 69, 111, 116 and from (F) to (H) when using displacement ventilation 111 ; note that the left-hand manikin represents the infected individual and the right-hand one the exposed individual Despite these variations, the worst cases should be paid a special attention.
| The importance of breathing function and mode
The breathing function of the exposed individual is also important for cross-infection evaluation, 66 as it could result in an approximately 15%-30% change in exposure to approaching airborne pollutants.
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A study by Poon and Lai 78 indicated that it is the exhalation, rather than the inhalation, of the exposed individual that makes the greatest difference. For episodic emissions, the effect of exhalation in reducing inhaled quantity easily overwhelms the enhanced effect of inhalation. Compared to the non-breathing mode, the exhalation cycle reduces the inhaled quantity and this effect increases with breathing rate. However, their study was limited to sneezing activity, which has a high expiratory speed and a short event duration.
Moreover, no comparison of the exposure level was made between exhalation through mouth and nose.
With regard to breathing mode, the exhaled flow through mouth is important for both infected and exposed individuals. 48 Exhaled flow through the mouth of an infected individual can easily penetrate the breathing region of a nearby individual, while exhaled flow through the mouth of an exposed individual has a cleaning effect on the breathing region. The highest exposure is therefore found when the infected individual exhales from the mouth and the exposed individual exhales from the nose, while the lowest exposure is found when the infected individual exhales from the nose and the exposed individual exhales from the mouth (see Figure 6 for a comparison of these 2 scenarios). However, the exposure is also dependent on the interaction between the exhaled flow and the strength of the convective boundary layer (CBL), which is a function of several factors (eg, surrounding air temperature, furniture design and location, clothing, body posture, etc.). In addition, the break between exhalation and inhalation was not considered in these studies. 48 In fact, the break has a considerable influence on exposure, as an approximately 1.0 second break period allows the CBL to recover and thus to affect the exposure. 121 In addition, exhalation through the mouth of an infected individual may cause an even higher exposure risk from airborne transmission than coughing for a nearby exposed individual, 119 provided that the 2 are close to each other (<1.0 m).
The lower infectious risk due to coughing is because the exposure time of the coughing flow is short, because coughing is highly directional and because it is unusual to face other people when coughing. These findings, especially the directionality and cleaning effect of the exhaled flows, suggest the importance of properly simulating the breathing mode when investigating airborne transmission.
Measurements made with unrealistic breathing modes, especially non-breathing and only continuous inhalation or exhalation, would cause misleading dosing and sampling at the infected and exposed individuals.
| The importance of particle size
A few studies considered different particle sizes when evaluating the risk of cross-infection. Li et al 81, 90 simulated airborne transmission between occupants using both tracer gas (CO 2 ) and particles (1, 5, and 10 μm). For normal breathing, using MV and UFAD, the intake fraction (IF) (see section 5.1 for definition) decreases with particle size (see Figure 7 ). This sequence was reversed using DV. A number of other studies 61,78,80,82,119 examined different particle sizes, but they mostly had no conclusion on the influence of particle size on the risk of cross-infection. Liu and Novoselac 122 analyzed the spread behavior of 3 particle sizes (0.77, 2.5, and 7.0 μm) generated from a cough and reported that the larger particles have a lower concentration in the vicinity of the receiver occupant in front. However, they used only very simplified dummies at a fixed separation distance of 126 further compared the human exposed concentration of tracer gas and monodispersed particles (0.07, 0.7, and 3.5 μm) using a thermal manikin and the findings confirmed that tracer gas can be used reliably to simulate these small particles in measurements of airborne transmission.
| The importance of human movement
Human movements investigated in the past included hand, arm, and whole-body movements. It has been reported that the localized hand motions of a sitting person had insignificant effects on the thermal plume above the head of that person, 61 while the arm movement influenced the dispersion of pollutants in the breathing zone and thus should be included in exposure analysis. 127 A moving human body can create much stronger air movements than hand and arm motions. Locally, the air movements created by a moving person can overwhelm that person's body thermal plumes when the walking speed is above 0.2 m/s. 128 They can also easily break down the stratification of the expiratory flow and the CBL around a nearby person. 117 In general, a walking person enhances air mixing in the whole room, 129 which could result in unexpected spread of pollutants. 130 Some examples of increased risk of cross-infection due to a moving person can be found in past studies. [131] [132] [133] Particularly, a numerical study by Han et al 134 shows that in an aircraft cabin, the walking of a crew member may not considerably increase the risk of cross-infection to seated passengers, but the walking person himself/herself does have a higher exposure risk due to the vortexes generated. Certainly, this finding is dependent on the location of the infected person in relation to the walking person. In addition, the influence of walking on airborne transmission between occupants in a room using DV was quantitatively examined 133 that no break between exhalation and inhalation was considered; NM indicates the exhalation modes for the exposed and the infected manikins are through nose and mouth, respectively, while both manikins inhale through the nose; MN is in reverse for the exhalation modes would therefore influence the risk of cross-infection. This applies to both the infected and the exposed individual. In addition, difference in the height of the infected and the exposed individual was shown to be another important factor. 139 
| THERMOFLUID BOUNDARY COND ITI ON S FOR THERMAL MANIKIN S
| Thermal characteristics of bodies
The thermal characteristics (namely, the heat power, surface temperature, and clothing insulation) of a thermal manikin have an important influence on its microenvironment, especially when the local ventilation flow is relatively weak. 47, 66, 102 An elevated room air temperature results in an increased surface temperature, which in turn decreases the development of the CBL around the thermal manikin. 102 However, the influence of room air temperature on airborne cross-infection is still awaiting exploration. The heat power of a thermal manikin was usually defined to be a constant value ranging from 60 to 102 W. 61, 95, 103 The surface temperature range between different body segments was specified to be 29-34.5°C. 62, 100, 116, 119 Light clothing with an overall thermal insulation ranging from 0.5 to 0.8 clo was widely used. 69, 89, 103, 110, 117 The estimation of clothing insulation values usually followed ISO Standard 9920. 141 These body thermal characteristics defined in past studies are slightly different from the human subject studies reported in the ASHRAE Handbook. 142 Typically, human skin temperatures during sedentary activities in a state of thermal comfort are 33-34°C. 
| Geometry of mouth and nose
The geometry of the mouth and nose influences the characteristics of breathing flows, particularly the speed and direction of expiratory flows. Table 1 summarizes the geometrical characteristics of the mouth and nostrils of manikins as defined in past studies. There were 3 shapes for the mouth opening, namely semi-ellipsoid, circular, and ellipsoid, while nostril openings were all circular. Area of the mouth opening ranged from 100 to 123 mm 2 during normal breathing, but exceeded 300 mm 2 during coughing. 54, 82 The total area of the nostrils during normal breathing varied considerably, from 100 to 226 mm 2 , and was defined as 330 mm 2 during coughing. 82 The limited and varied data were available from human subject tests.
Grymer et al 144 reported that the mean area of nostrils during normal breathing was 264 mm 2 . Gupta et al 63 reported that the opening area of the mouth during normal breathing was 120 ± 52 mm 2 for male and 116 ± 67 mm 2 for female subjects, while those of the nostrils were 142 ± 46 mm 2 for male and 112 ± 20 mm 2 for female subjects. During coughing, it was found that the mouth opening area was 400 ± 95 mm 2 for male and 337 ± 140 mm 2 for female subjects.
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A few studies 48, 58, 67, 117, 145 specified that, when the manikin was sitting or standing upright, the 2 jets from the nostrils were declined 45° downward from the horizontal plane and 30° F I G U R E 8 Influence of human movement on the co-occupant's exposed concentration of pollutants exhaled by an infected individual in a room with displacement ventilation (DV) and personalized ventilation, 133 where "before" represents the background condition in which nobody is walking, W1-1P only 1 person walking on route 1 (close to a DV diffuser), W2-1P only 1 person walking on route 2 (at a distance from a DV diffuser), and W-2P 2 persons walking, one on each route from each other. Expiratory flows from the mouth were normally specified to be in a horizontal direction. These directions of expiratory jets were supported by some of previous human subject studies, 146, 147 although measurements by Gupta et al 63 indicated
that jets from the nostrils were declined 60 ± 6° downwards and 42 ± 16° from each other. In addition, Gupta et al 64 found that the coughing jet from the mouth was declined nearly 30° downwards from the horizontal plane, which differs radically from the widely assumed horizontal direction. Figure 9 presents a comparison of mouth and nose geometry as defined in previous studies of airborne transmission and those obtained from human subjects. Except for the mouth opening area, the large differences between previous manikin studies and human subject data and between different human subject studies are apparent.
The different results obtained from the limited number of human subject studies are probably due to differences in both experimental subjects and instrumentation. More human subject studies are required. Based on human subject studies, it will be necessary to define standard mouth and nose geometries for breathing thermal manikins, 65, 66 which would make possible cross-comparisons between different studies.
| Breathing mode
The most widely investigated breathing mode in previous studies, for both the infected and exposed individual, was "exhalation through mouth and inhalation through nose." 48, 57, 89, 92, 100, 110 A number of studies were carried out using the "non-breathing" mode for the exposed manikin. 103, 108, 111, 115 Most CFD studies simulated an "inhalation only" mode for the exposed manikin 81, 82, 90, 119 and an "exhalation only" mode for the infected manikin. 48, 80, 83, 119 However, as reviewed and discussed in section 2.5, these unrealistic breathing modes will have biased the predicted cross-infection risks and so should be discounted.
A sinusoidal cycle "2.5 second inhalation + 2.5 second exhalation + 1 second break" was the most widely used. 57, 89, 103, 111 However, many studies used a cycle without a break, such as "2 + 2 second." 78, 80, 119 As discussed above, the break between exhalation and inhalation would influence the measured exposure, 121 and this should thus not be ignored. CFD studies simulating "exhalation only" or "inhalation only" assumed a steady and constant breathing flow rate. [81] [82] [83] 90, 148, 149 Although some human subject tests have been conducted to measure the characteristics of a natural breathing flow, 150,151 they were carried out for medical applications and no quantification of the evolution of the breathing flow rate over time was obtained. Based on human subject studies, Gupta et al 63 reported recently that the variation of the breathing flow rate takes an approximately sinusoidal form. Table 1 summarizes the characteristics of breathing flow assumed in previous studies, including the pulmonary ventilation rate, the breathing frequency, and the temperature of the expiratory flow.
| Characteristics of breathing flow
In general, pulmonary ventilation rates from 6.0 to 10.0 L/min were widely used to simulate light activities in sitting and standing postures. A breathing frequency of 10.0 times/min was usually used for a pulmonary ventilation rate of 6.0 L/min, and 15.0 times/min for 10.0 L/min. In fact, both pulmonary rate and breathing frequency depend on many physiological factors, such as body size, metabolic rate, gender, and age. 142 However, the influence of pulmonary rate and breathing frequency on the risk of cross-infection during other breathing activities has rarely been investigated.
The temperature of the expiratory flow was usually specified to be 34°C. In some studies, the expiratory air was heated to 38°C in order to achieve the same density as expiratory flows having high humidity. 57, 58, 83, 104, 108 An earlier human subject study 152 found that the temperature of the expiratory flow varies largely with the ambient air temperature, and the temperature from both mouth and nose is approximately 34°C at an ambient temperature of 23°C.
Only a few reports stated the speed of the expiratory flow for normal breathing, which was 3.0 m/s (at peak) from the nose, 80 2.0-3.0 m/s (at peak) from the mouth, 67 
| Coughing and sneezing
Compared to normal breathing, coughing, and sneezing, flows have a higher concentration of droplets 23 but a lower event duration and a lower event frequency. Table 2 The speeds of coughing flows reported in previous studies of airborne transmission were usually between 6.0 and 52.0 m/s, even though some of these were average values and some were peak values. A similar large difference is to be found in the reports of human TA B L E 1 Summary of the geometry of the mouth and nose, characteristics of the breathing flow, and the expiratory medium as defined in previous studies of airborne transmission It should be noted that the flow rate and mouth opening area during a cough are highly time-dependent. The cough flow rate over time usually follows a combination of gamma probability distribution functions. 64 Due to the limited number of human subject studies and their highly different results, most previous studies of airborne transmission did not accurately simulate cough/sneeze characteristics. In addition, the horizontal direction of cough/ sneeze flows that was widely assumed in previous studies may not be common in practice. 64 Poon and Lai 78 indicated that an increase in the pulmonary ventilation rate can reduce personal exposure to an approaching sneezing flow, because the cleaning effect of the exhalation overwhelms the enhancing effect of the inhalation. Table 1 shows a summary of the expiratory media of infected individuals that were used in previous studies of airborne transmission, as a basis for the following observations.
| Expiratory media
Most studies used a tracer gas or a mixture of tracer gas and air to simulate the expiratory flows. The most widely used gases 
Comparison of the geometry of mouth and nose defined in previous studies of airborne transmission and those obtained from human subject studies; "vertically downwards" indicates that the angle declined downwards from the horizontal plane and "between jets" the angle between the 2 nose jets included N 2 O, SF 6 , R134a, and CO 2 , which all have the general advantages of a tracer gas. 160, 161 The rationale for using tracer gas to simulate expiratory droplet nuclei assumes that a significant proportion of the expiratory droplet nuclei is smaller than 2-3 μm in diameter 22, 27, 28, 30, 33 and that such fine particles behave very like gas. [123] [124] [125] [126] 162 Some studies did work with particles. Relatively small particles in the range 0-10 μm in diameter were usually investigated, mainly because this is the dominant range of expiratory droplet nuclei for almost all breathing activities. 36, 163 Most studies defined the concentration of expiratory media, but few explained the reasoning behind their particular definition (eg, 2.7% of N 2 O). Generally, in mouth exhalation, nose exhalation, coughing and talking, coughing produces the largest droplet concentrations 164, 165 and nose exhalation the least. 27 In addition, droplet concentration can be influenced by other factors, such as body weight, gender, and age. [166] [167] [168] To the best of the authors' knowledge, the influence of concentration on the risk of crossinfection has not yet been investigated. In addition, the survival of pathogens in the indoor environments was influenced by many factors, including particularly the air humidity. The survival time is an important factor determining the risk of cross-infection.
However, the comparison of the survival of the exhaled pathogens and the time constants of ventilation systems was rarely carried out in past studies.
| E XPERIMENTAL AND CFD TECHNI Q U E S
The following sections summarize the most widely used experimental and CFD techniques in previous studies and discuss the factors that may influence the reliability of estimates of airborne transmission.
| Thermal manikins
A thermal manikin is an advanced experimental facility used to investigate airborne transmission. 57, 61, 69, 95, 100, 103, 111, 169, 170 Owing to its accurate geometry and close-to-human thermal and breathing characteristics, a thermal manikin makes reliable modeling of airborne transmission possible. 65, 66 Thermal manikins used in previous studies of airborne transmission had 17-26 body segments, all of which could be heated and individually controlled to maintain a surface temperature equal to the skin temperature of an average human being in thermal comfort. The breathing process was simulated with additional artificial lungs. Note that dummy(s) were also frequently used together with manikins in many studies. 54, 57, 107, 110, 115 Compared to thermal manikins, dummies have less accurate geometries, do not have the accurate mouth and nose openings to simulate breathing activities, and cannot simulate the human body surface temperature in comfort state. The detailed comparisons of various simplified body geometries and the generated thermal plumes can be found in references.
143,171-173
Two important factors in the use of thermal manikins are proper dosing of the expiratory medium from the infected manikin and accurate sampling of the medium inhaled by the exposed manikin. The best dosing approach is to dose through the breathing system of a thermal manikin, rather than to dose through a separate machine.
For tracer gas, this is relatively convenient and has been widely used in previous studies. However, few studies have successfully dosed aerosols through the breathing system of a thermal manikin and a separate generator for aerosols was generally used. The authors' experience of the integration of an aerosol generator into the breathing system of manikin indicates that the breathing system can easily become blocked by the aerosols, due to the narrow "respiratory tract" and the low expiratory speed. 
| Flow techniques
The flow techniques used were particle image velocimetry (PIV), smoke particles visualization, and a Schlieren imaging technique. PIV is a commonly used technique for visualizing the instantaneous velocity field on a relevant plane across a breathing zone. 
| Tracer gas techniques
Tracer gas techniques have been widely used to investigate airborne transmission between occupants (see also section 3.6). The cross-infection risk can be estimated quantitatively based on the measured tracer gas concentrations in the exhalation of the infected manikin and in the inhalation of the exposed manikin (see section 5). 89, 100, 111, 116, 119, 121 The main drawback of most tracer gas instruments is their long response time (of the order of 10-60 second), which largely exceed the scale of breathing activities (of the order of 1 second). Such slow instruments are deficient in at least in 2 aspects. Firstly, it is impossible to investigate the dynamics of airborne transmission (see section 6.2). Secondly, even though steadystate measurements are acceptable, it may still be difficult to obtain an accurate time-averaged concentration for evaluating the risk of cross-infection (see section 5) for events with obvious time characteristics. To obtain a higher sampling rate, Melikov et al 54, 107, 118 recently used a faster instrument (PS331) for sampling tracer gas, with a time constant of 0.8 second and a sampling rate of 4 Hz. This much faster approach is expected to improve our understanding of the dynamics of airborne transmission.
| Aerosol techniques
Aerosol techniques have increasingly been used to investigate airborne transmission indoors. In addition, as discussed in section 4.1, there are technical problems with integrating aerosol generators into the breathing system of thermal manikins. Even if stand-alone particle generators are able to simulate breathing flows accurately, they cannot simulate the influence of occupants and their thermal boundary conditions, while a breathing thermal manikin can. The sampling rate of the aerosol instruments used in previous studies was 1 Hz. 69, 176, 181 Although this sampling rate is much higher than that of tracer gas monitors, it is still of the same order as the timescale of human breathing activities.
To explore the dynamic process of airborne transmission, there is a need to develop still faster aerosol samplers. Another problem is that the presence of aerosol samplers could disturb the flow development, essentially because that they have to be placed relatively close to the sampling locations.
| Cough machines
At least 2 cough machines were developed and used to investigate airborne transmission following a cough. The cough machine developed by the Technical University of Denmark 54, 107, 118 worked with tracer gas and was used together with a dummy. Another cough machine developed by the Hong Kong University of Science and Technology 69 worked with aerosols (namely, a mixture of water and glycerin 77 ) and was used separately, without a thermal manikin or dummy. Basically, a good cough machine should be able to simulate the most important cough characteristics, such as the varying cough flow rate over time and the proper mouth opening area. However, as shown in section 3.5, the simulated coughing characteristics in previous studies have been oversimplified when compared to the data obtained from human subjects. To improve our understanding of airborne transmission from a cough, more realistic, accurate, and reliable cough machines that can work with tracer gas and/or aerosols will have to be developed.
| Computational fluid dynamics techniques
Computational fluid dynamics studies usually employ computational Computational fluid dynamics simulation of airborne transmission was limited to using the 2-equation RANS turbulence models. 84, 85 However, the RANS turbulence models define turbulent fluxes in a time-averaged way, employing Reynolds isotropic decomposition and Boussinesq approximation, 183 which are inherently incapable of capturing any dynamic flow characteristics 84 (see section 6.3 for detailed discussion).
| E VALUATI ON ME THODS
A number of evaluation methods for the risk of cross-infection can be found in the literature. The concentration and the normalized concentration in the inhaled airflow of an exposed individual were most commonly used as an indicator of infection risk. 48, 51, 55, 57, 61, 78, 80, 82, 95, 100, 110, 116, 119, 162, 174, 181 In addition, Melikov et al 184 and Bolashikov et al 54, 107 proposed peak concentration level (PCL) and peak concentration time (PCT) to assess the exposure risk to a cough, where the former is defined as the maximum concentration in the inhaled airflow of an exposed individual after a cough and the latter is defined as the time at which the PCL is reached. Although the concentration is a useful indicator to compare different cases, it provides limited information for an evaluation of the risk of cross-infection. Based on the concentration field, some more accurate evaluation methods have been developed. Note that these evaluation methods were mostly developed based on the outbreak of infectious diseases and were thus widely used to evaluate epidemically the risk of cross-infection among a large group of people.
| Intake fraction
Intake fraction is defined as the proportion of exhaled pollutant mass from the infected individual that is inhaled by the exposed individual. [185] [186] [187] It is called the rebreathed fraction in some studies. 103 The IF (IF) can be expressed as:
where C i is the inhaled pollutant concentration of the exposed individual, C e the exhaled pollutant concentration of the infected individual, M i
and M e mass flow rates of inhaled airflow of the exposed individual and exhaled airflow of the infected individual, respectively, C i (t) and C e (t) the inhaled pollutant concentration of the exposed individual and the exhaled pollutant concentration of the infected individual at time t, respectively, t i and t e the exposure time of the exposed individual and the release time of the infected individual, respectively.
The IF cannot reveal the influence of particle size or the viability and infectivity of any pathogen in the aerosol. In addition, the timedependent model requires an accurate concentration profile over time, which can only be obtained from fast measurements. Even though the steady-state model is acceptable, it may still be difficult for slow measurements to provide an accurate estimate of the time-averaged concentration (see section 6.2) for events with obvious time characteristics.
| Wells-Riley model
The well-known Wells-Riley model 188 was developed to estimate the probability (P) of airborne transmission of an infectious agent in the indoor environment.
where I is the number of infected individuals, p the breathing rate per person, q the quantum generation rate by an infected individual (quanta/s), t o the total exposure time, and Q the supply rate of outdoor air. Note that a quantum means an infectious dose. This model has been widely applied to assess the risk of cross-infection by airborne transmission. However, as pointed out by Rudnick and Milton, 189 this model assumes steady-state, complete-mixing conditions and requires the measurement of the outdoor air supply rate. Inaccurate or even unreasonable results are to be expected if these assumptions cannot be achieved. 190 However, for airborne transmission where the exhaled pollutants from an infected individual can be regarded as a point source, concentration gradients would usually be established indoors, and the steady-state assumption would not be valid for short-term events.
| Reproductive number
The reproductive number (R A0 ) is the number of secondary infections that arise when a single infector is introduced into a population in a shared indoor environment, 104, 189 which is defined as:
where n is the number of persons in a ventilated space and f the volume fraction of inhaled air that is exhaled by an infected individual, which is calculated as:
where C s is the concentration in the ventilation system supply airflow.
In the original model by Rudnick and Milton, 189 CO 2 generated by every person in a shared space is used as the expiratory air marker.
For experiments using breathing thermal manikins, tracer gas simulating the exhaled flows can be used as an air marker. 104 As for the Wells-
Riley model, this model is based on the complete-mixing assumption.
In some past studies, the risk of cross-infection was estimated according to an exponential dose-response model, which includes the major parameters that influence cross-infection risk. 68, 176, 191, 192 However, those parameters cannot be determined completely by engineering methods alone, as they also involve the medical and microbiological sciences.
| D ISCUSS I ON S AND FUTURE PER S PEC TIVE S
Previous sections reviewed our current understanding of airborne transmission between occupants in indoor environments and other related issues, where their limitations were discussed. Based on the literature review in previous sections, this section discusses further some important issues.
| Direction of indoor airflow pattern
Although many studies have investigated the influence of ventilation method and supply airflow rate on airborne transmission, few studies considered the influence of the direction of the indoor airflow pattern. This is basically because that the indoor air speeds are mostly sufficiently small to be independent of direction. Some studies investigated the relative location of diffuser and exhaust grille in relation to the manikins in a hospital ward conditioned by DnV. 100, 101 They indicated that the risk of cross-infection and the removal ef- Figure 10 , it may be predicted that increasing the supply airflow rate could increase the cross-infection risk between an upstream infected person and a downstream exposed person (in Figure 10A ), but may help to decrease the risk for the reverse layout (in Figure 10B ). Similar to the situation of increasing ACH (see section 2.2), the flow with an obvious direction would have 2 effects to the spread of expiratory droplet nuclei: enhancing the dilution and increasing the dispersion. The counteracting effect of these 2 could be different, depending on whether the steady-state or the transient condition is considered. Here, further studies are required.
In general, including the influence of the direction of the indoor airflow pattern may modify our current understanding of the relationship between cross-infection risk and the factors that affect it.
In particular, the cross-infection risk may decrease more or less rapidly with the increase of the relative distance between the source and the exposed person when the indoor airflow direction changes.
Systematic investigation is required to make clear the influence of the direction of the indoor airflow pattern.
| Dynamics of airborne transmission
Human breathing activities are highly dynamic processes (see For a certain type of infectious disease, the risk of cross-infection is determined by the exposed dose, which includes both exposed concentration and period. With a high exposed concentration, even a very short exposed period might be sufficient to accumulate a dose that could cause infection. Accurate sampling of the exposed concentration over time is especially important for short-term events with obvious time characteristics, such as a doctor visiting a hospital ward and a doctor consultation. In addition, it is meaningful to compare the timescale required to accumulate a dose and the survival time of a certain pathogen, so as to formulate more effective intervention measures. If the survival time is shorter than the timescale needed to accumulate a dose, no cross transmission would occur.
However, all these time-related processes can only be investigated in detail using fast measurements or simulations. Evidently, these control measures can effectively avoid the highconcentration direct exposure, but the secondary indirect exposure may still be sufficient to cause infection. 90, 194 In general, to understand the whole transmission process and the role of direct and indirect transmissions, transient studies will be required. In addition, human movements introduce obvious time characteristics to airborne transmission (see section 2.7), where transient studies would help improve current understanding.
| Application of CFD simulations
Chamber experiment has so far been the dominant research technique for investigating airborne transmission indoors. There is no doubt about the importance of experimental measurements.
However, an important disadvantage of chamber experiments is that measurements usually take place at only a few points. Although visualization techniques such as PIV and Schlieren imaging allow in principle 2D or even 3D velocity fields to be obtained, they cannot provide a quantitative evaluation of the cross-infection risks.
Another disadvantage that has been mentioned above is the limita- -f model 196, 197 shows the overall best performance, followed by the large eddy simulation (LES) model. 198 The most widely used RNG k − ɛ model performs well for forced and mixed convection, but relatively underperforms for natural con- It is important to accurately resolve both scales of flows simultaneously, which places a high demand on the turbulence model used.
Such a large difference in scales also places high demands on the development of a high-resolution and high-quality computational grid, which means a relatively large number of cells and a high computational cost. Another issue is the accurate modeling of the dispersion of aerosols. Adherence to surfaces is the eventual fate of aerosols, and this is the most important cleaning mechanism for large aero-
sols. An accurate prediction of this fate is therefore important for accurate prediction of the risk of cross-infection. However, in the near-wall regions, the most widely used RANS turbulence models using wall functions assume the same decomposition of flow variables along the normal-to-wall direction as along the other 2 directions. 84, 199 This assumption would apparently lead to an overprediction of the deposition rate on walls. Again, more suitable turbulence models are still awaiting exploration.
To guarantee the quality of CFD simulations, the general con- 
| SUMMARY AND CON CLUS I ON S
This paper provides a review of published studies on airborne transmission between occupants in indoor environments. It is not intended to cover all past research efforts on this topic, but rather to focus on studies of the spread of expiratory agents from mouth/nose to mouth/nose for non-specific diseases. Overall, restricted by the limitations of existing research techniques and the limited knowledge of the thermofluid boundary conditions of human beings, the current understanding of airborne transmission indoors needs to be improved. In addition to the specific aspects summarized above, further attention should be paid to the following aspects.
• As ventilation flow is an important parameter governing airborne transmission, the direction of the indoor airflow pattern should be taken into account in future studies.
• Airborne transmission between occupants indoors is sometimes highly dynamic. To describe the dynamics, fast, transient, measurements/simulations are required.
• Further efforts should be made to extend the application of CFD in airborne transmission and to improve the quality assurance.
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